• IRF8 promotes Gata2 expression in granulocyte progenitors, thereby playing a key role in the development of basophils and mast cells.
Introduction
Basophils and mast cells are key effector cells involved in protection against infection and allergic responses. 1 Basophils are the rarest form of granulocytes, representing less than 1% of leukocytes in the peripheral blood, while mast cells are distributed throughout the mucosal and connective tissues. The developmental pathway of basophils and mast cells has been actively studied in mice. Basophils and mast cells are generated from bone marrow hematopoietic stem cells (HSCs) by passing through common myeloid progenitors (CMPs) and granulocyte-monocyte progenitors (GMPs). 12, 13 Several downstream basophil and/or mast cell progenitor populations have been identified in the bone marrow. Granulocyte progenitors (GPs) generate granulocytes (i.e., neutrophils, eosinophils, and basophils) and mast cells. 14, 15 GPs are comprised of two subpopulations, Flt3 + and Flt3 -; Flt3 -GPs have been shown to generate basophils more efficiently than Flt3 + GPs. 15 Pre-basophil and mast rise mostly to mast cells. 15, 16 It is of note that GMPs are now thought to be a heterogeneous population containing monocyte-dendritic cell progenitors 19 and aforementioned pre-BMPs.
The relationships between these progenitor populations have not been definitively established.
Cell differentiation is achieved through the coordinated regulation of gene expression, in which transcription factors play central roles. Several transcription factors, such as GATA-binding protein-1 (GATA1), 20, 21 GATA2, 17, 22 and signal transducer and activator of transcription-5 (STAT5), 16, 23 are known to be essential for the development of both basophils and mast cells. In addition, basophil differentiation depends on CCAAT/enhancer binding protein-α (C/EBPα) 16, 17, 22 and runt-related transcription factor-1 (RUNX1); 15 mast cell differentiation requires microphthalmia-associated transcription factor (MITF). 16 Interferon regulatory factor-8 (IRF8) is a transcription factor required for the generation of several immune cell types, especially within the myeloid cell lineage.
24
IRF8 is highly expressed in the mononuclear phagocyte (dendritic cell [DC] and monocyte/macrophage) and B cell lineages, but is absent in neutrophils. [25] [26] [27] We and other laboratories have shown that IRF8 is indispensable for the development of DCs, especially the plasmacytoid and CD8α + DC subsets, and monocytes, especially the Ly6C + inflammatory monocyte subset. [28] [29] [30] [31] Within the granulocyte lineage, IRF8 has been shown to inhibit neutrophil differentiation, while it promotes eosinophil differentiation. 27, 28, 32 In this study, we identified a previously unrecognized role for IRF8 in the development of basophils and mast cells. Based on our results, we discuss the pathway and underlying mechanism of basophil and mast cell development. background were used at 7 to 9 weeks of age. All the animal experiments were conducted in accordance with the Guidelines for Proper Conduct of Animal Experiments (Science Council of Japan), and all the protocols were approved by the institutional review boards of Yokohama City University (Protocol #F11-85 and #F-A-14-070). Figure   1A ; supplemental Figure 1 ). RT-qPCR confirmed that the expression of the basophil-specific gene Mcpt8 and Il4 was impaired in Irf8 -/-bone marrow ( Figure 1B MCPs, but retained normal counts of intestinal MCPs ( Figure 2 ; see Discussion). Figure 4A ). In addition, we performed competitive mixed bone marrow chimera experiments. The percentages of basophils, eosinophils, pre-BMPs, and BaPs derived from Irf8 -/-bone marrow cells were significantly reduced, compared with those from wild-type cells (supplemental Figure 3) . In contrast, the percentages of neutrophils derived from Irf8 -/-bone marrow cells increased.
Other methods

IRF8 is expressed in GPs but not in basophils, mast cells, and basophil/mast cell-restricted progenitor cells
Then, GPs from WT and Irf8 -/-mice were purified and cultured in the presence of IL-3, which is known to induce basophil and mast cell development in vitro. 17 Our results indicate that Flt3 -GPs generate basophils more efficiently than Flt3 + GPs, consistent with a previous report. 15 The generation of basophils from both GP subpopulations on day 5 was severely impaired in the absence of IRF8 ( Figure 4B ; Figure 4D ; supplemental Figure 5B Figure 4E ). Overall, these results suggest that IRF8 does play a role in promoting the development of mast cells.
Introducing IRF8 into Irf8 -/-GPs restores the production of basophils and mast cells
To Importantly, the introduction of mutant IRF8, i.e., K79E (a point mutant in the DNA binding domain) and R289E (a point mutant in the protein-protein interaction module) into
Irf8
-/-Lin -cells failed to rescue basophil and mast cell differentiation ( Figure 5C ). The expression of transduced IRF8 was detected by intracellular immunostaining and flow cytometry (supplemental Figure 7) . These results further confirmed the progenitor cell-intrinsic role of IRF8. Figure 8) .
Prediction of transcription factors that act downstream of IRF8
The above findings suggest that IRF8 acts in GPs, presumably by inducing its downstream genes. We speculated that such genes would include those encoding transcription factors, which continue to be expressed during basophil and mast cell differentiation. Therefore, transcriptome microarray analysis was performed in purified Flt3 + and Flt3 -GPs from WT
and Irf8 -/-mice (see supplemental Figure 9 for correlation matrix and scatter plots).
Multiple transcription factor genes were downregulated in Irf8 -/-GPs, suggesting that these genes depend on IRF8 for normal expression ( Figure 6A ). To predict which transcription 
IRF8 upregulates the expression of Gata1 and Gata2
Consistent with the microarray data, RT-qPCR confirmed that the expression of Gata1 and
Gata2 transcripts was significantly lower in Irf8 -/-GPs ( Figure 7A ). Intracellular immunostaining and flow cytometry demonstrated that GATA2 protein expression was lower in both Flt3 + and Flt3 -GPs from Irf8 -/-mice when compared with those from WT mice ( Figure 7B ). However, GATA1 protein expression was not evident in GPs, while
readily detectable in megakaryocyte-erythroid progenitors (supplemental Figure 10) .
Together with the RT-qPCR data in Figure 7A , this data suggests that GATA1 expression is relatively low in GPs. The expression of GATA1 and GATA2 in IRF8-transduced Lin -cells in the presence of IL-3 on day 5 was then measured. GATA1 and GATA2 expression in control vector-transduced Irf8 -/-culture was lower than that in control vector-transduced WT culture at both the transcriptional and protein levels, but this defect was rescued with the transduction of IRF8 ( Figure 7C ; supplemental Figure 11 ). Additionally, IRF8
expression augmented GATA1 and GATA2 expression in WT cells. These findings suggest that IRF8 induces Gata1 and Gata2 genes directly or indirectly and is indispensable for their normal expression in GPs.
Forced expression of GATA2 but not GATA1 in Irf8 -/-progenitor cells rescues the development of basophils and mast cells
To test if GATA1 and/or GATA2 mediate the functions of IRF8 in basophil and mast cell development, GATA1 or GATA2 was transduced into Irf8 -/-bone marrow Lin -cells in the presence of IL-3 and analyzed on day 5. The expression of transduced GATA1 and GATA2
was confirmed by intracellular immunostaining and flow cytometry (supplemental Figure   12 ). We found that GATA2 but not GATA1 rescued the differentiation of basophils, and at least partially the early generation of mast cells as well ( Figure 7D ; supplemental Figure   13A ). The percentages of neutrophils were reduced by both GATA1 and GATA2 transduction in Irf8 -/-cells (supplemental Figure 13B ).
Of note, GATA2 also promoted the generation of basophils in WT Lin -cells.
Thus, one may argue that the forced expression of GATA2 acts on a pathway independent of IRF8. For example, overexpressed GATA2 might have simply promoted the proliferation of basophils or their progenitors. However, the analysis of carboxyfluorescein diacetate succinimidyl ester (CFSE)-stained Lin -cells demonstrated that GATA2-transducion did not augment CFSE dilution in basophils, suggesting that GATA2 stimulated the differentiation towards, rather than the expansion of, basophil lineage cells (supplemental Figure 13C) . The fact that IRF8 also enhanced the generation of basophils, concomitant with the upregulated expression of GATA2 in WT Lin -cells (see above;
Figures 5A and 7C), further suggests the tight relationship between IRF8 and GATA2.
Overall, our data suggest that GATA2 mediates the activity of IRF8 in the development of basophils and, at least partially, mast cells.
Discussion
Implications for the developmental pathways of basophils and mast cells
In this study, we demonstrated that Irf8 -/-mice lack basophils but retain mast cells in vivo.
We also showed that IRF8 is expressed in GPs, but not in basophils, mast cells and basophil/mast cell-restricted progenitors.
The defect in basophil development in Irf8 -/-mice may be due to the absence of pre-BMPs and by the inability of Irf8 -/-GPs and BMCPs to generate basophils. Based on our current data and the recognized developmental potential of the progenitor populations, it is tempting to speculate that pre-BMPs are derived from GPs, and
are derived from pre-BMPs. However, such theories regarding the relationships between progenitor populations require further and extensive study.
Interestingly, the complete blood counts from a human patient with immunodeficiency caused by the K108E mutation of IRF8 failed to detect peripheral blood basophils, 44 suggesting a conserved role for IRF8 in mice and humans.
Coordinated regulation of basophil and mast cell development by multiple transcription factors
We here discuss the possible relationships between IRF8 and some of other transcription factors known to be critical for basophil and mast cell development, namely GATA2, STAT5, C/EBPα, and MITF. GATA2 expression has been reported to be higher in BaPs, MCPs, basophils, and mast cells than in GMPs, 16, 22 and our current study has identified IRF8 as a factor mediating this elevation by acting in GPs. However, IRF8 expression is absent in pre-BMPs as well as in BaPs and MCPs. Therefore, Gata2 expression is likely maintained through an IRF8-independent mechanism, possibly by GATA2 itself. 
Induction of Gata2 by IRF8
Although our results clearly indicated the requirement for IRF8 in Gata2 expression in GPs, the detailed mechanism by which IRF8 induces Gata2 remains unknown. Since the induction of Gata2 expression and basophil differentiation by IRF8 is relatively slow ( Figure 7C ), we hypothesize that IRF8 may induce an intermediate factor that directly binds to the Gata2 promoter or enhancer, resulting in the induction of Gata2 during basophil/mast cell differentiation. We initially attempted to identify cell lines suitable for reporter assays or chromatin immunoprecipitation-sequencing (ChIP-seq), however all the cell lines tested failed to induce Gata2 upon introduction of IRF8. It is possible that the factor connecting IRF8 and Gata2 is inducible only in cells possessing basophil/mast cell differentiation potential. Future ChIP-seq analysis to examine histone modifications, using freshly isolated WT and Irf8 -/-GPs would identify IRF8-dependent enhancer elements to which "the connecting factor" binds. This factor may be one of the transcription factors displaying decreased gene expression in Irf8 -/-GPs ( Figure 6A ). Our observation that the residual basophils generated from Irf8 -/-progenitor cells expressed GATA2 (supplemental Figure 12 ) also supports the notion that IRF8 may not be the direct transactivator of Gata2.
We note here that we have performed a preliminary experiment for one candidate transcription factor, SpiB. Figure 14) . This result also emphasizes the validity of the in silico prediction of candidate transcription factors by motif analysis (Figure 6B ), which showed a relatively low Z-score for SpiB.
In conclusion, our study has unveiled an indispensable and previously unrecognized role of IRF8 in the development of basophils and mast cells. These results further elucidate the mechanism involved in generating these critical myeloid populations, and contribute to a comprehensive understanding of the role of IRF8 in myeloid development. 
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